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Oriented circular dichroism (OCD)The twin arginine translocation (Tat) system can transport fully folded proteins, including their cofactors,
across bacterial and thylakoid membranes. The Tat system of Bacillus subtilis that serves to export the
phosphodiesterase (PhoD) consists of only two membrane proteins, TatAd and TatCd. The larger component
TatCd has a molecular weight of 28 kDa and several membrane-spanning segments. This protein has been
expressed in Escherichia coli and puriﬁed in sufﬁcient amounts for structure analysis by circular dichroism
(CD) and NMR spectroscopy. TatCd was reconstituted in detergent micelles and in lipid bilayers for CD
analysis in solution and in macroscopically oriented samples, to examine the stability of the protein. Suitable
protocols and model membrane systems have been established, by which TatCd maintains the level of helicity
close to theoretically predicted, and its transmembrane alignment could been veriﬁed.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Bacteria, archaea, and plant chloroplasts possess two main pathways
for transporting proteins across their membrane, namely the secretory
(Sec) pathway and the twin arginine translocation (Tat) pathway. The
Sec pathway is responsible for transport of unfolded proteins, while the
Tat system can translocate fully folded proteins. Proteins destined for the
Tat pathway are synthesized with an N-terminal signal peptide contain-
ing a highly conserved motif with two consecutive arginine residues. A
set of four proteins (TatA, TatB, TatC, and TatE) has been identiﬁed as the
typical components of the Tat translocon in Escherichia coli [1–4]. The
sequence-related components TatA, TatB and TatE are predicted to
possess a single transmembrane segment, while TatC presumably
contains six transmembrane helices [5]. In the currently acceptedCD, circular dichroism; OCD,
sn-glycero-3-phosphocholine;
glycerol)]; POPC, 1-palmitoyl-
itoyl-2-oleoyl-sn-glycero-3-
n-glycero-3-phosphocholine;
droxy-sn-glycero-3-[phospho-
ero-3-phosphocholine; β-OG,
β-dodecylmaltoside; NLS, N-
propyl-β-D-1-thiogalactopyra-
ed laser desorption/ionization
single quantum coherence
gy (KIT), Institut für Organische
-76131 Karlsruhe, Germany.
ll rights reserved.model for Tat in E. coli, the protein destined for transport has to bind
via its signal sequence to a preformed TatBC complex,which is integrated
in themembrane. Then, a TatAhomooligomer is recruited to the complex
and acts as the translocation channel, driven by the proton-motive force.
The Tat system of someGram-positive bacteria is even less sophisticated.
Theminimal Tat system,which is active inBacillus subtilis, consists of only
two proteins TatA and TatC. Two distinct translocases of B. subtilis are
known that demonstrate different substrate speciﬁcities. TatAy and TatCy
form an active translocase for the transport of folded iron-dependent
DyP-peroxidase (YwbN). TatAd and TatCd form the translocase for the
secretion of the phosphodiesterase PhoD. The TatCd component with a
molecular weight of about 28 kDa is predicted to contain six
transmembrane segments, also as TatC in other organisms [6]. Some
experiments have demonstrated an afﬁnity of TatAd toward TatCd, and it
has been shown that TatCd exerts a stabilizing effect on TatAd [7–11].
The structure of the smaller TatAd component from B. subtilis with a
molecular weight of 7.5 kDa has already been well characterized in our
laboratory by circular dichroism (CD) and oriented CD (OCD) using a
multi-construct approach [12], and inmoredetail bysolid-stateNMR[13].
In this work we present the results of expression, puriﬁcation and
reconstitution of the larger multiple-membrane-spanning component
TatCd, with a subsequent structural analysis by CD and OCD. This
approach is perfectly suited for membrane-associated peptides and
proteins, when they can be dissolved in detergent micelles and
reconstituted in lipid membranes, as CD reveals their overall
secondary structure [14, 15]. It is useful for verifying the fold and for
checking denaturation, and thereby to monitor the functional
integrity of puriﬁed proteins. It also serves to detect conformational
2239O.V. Nolandt et al. / Biochimica et Biophysica Acta 1788 (2009) 2238–2244change associated with protein–protein interactions [16–18]. Speciﬁ-
cally, OCD is applied to macroscopically alignedmembrane samples to
estimate the orientation of helical protein segments in the lipid
bilayer.
With the long-term aim of elucidating the detailed protein
structure, multimeric assembly, and the mechanism of translocation
by the Tat pathway in B. subtilis, the TatCd samples and CD results are
encouraging to continue with the NMR analysis and to form
complexes with TatAd and the signal sequence in the future.
2. Materials and methods
2.1. Materials
The plasmid pQE60-TatCd containing the gene of tatCd cloned in a
pQE60 vector (Qiagen, Valencia, USA) was a gift from Dr. Jörg Müller,
Friedrich-Schiller-Universität Jena (Germany). The E. coli M15 strain
with pREP4 helper plasmid was purchased from Qiagen. The
recombinant plasmid pQE60-TatCd with a C-terminal His-tag consists
of 249 amino acids, and its molecular weight is 28.6 kDa. Ni-afﬁnity
chromatography was performed on HisTrap FF 5-ml columns from GE
Healthcare (Chalfont St. Giles, UK). Lipids were purchased from Avanti
Polar Lipids (Alabaster, USA) and Anatrace (Maumee, USA). Bio-
beads™ SM-2 were purchased from BIORAD (Hercules, USA). The
detergents were purchased from Anatrace (Anapoe C12E9, DPC) and
Sigma-Aldrich (St. Louis, USA) (SDS, NLS).
2.2. Cloning and expression
The DNA sequence of the construct was veriﬁed by sequencing
(MWG Biotech, Martinsried, Germany). M15 E. coli cells transformed
with pQE60-TatCd were grown at 37 °C and 250 rpm shaking speed in
LB medium supplemented with the respective antibiotics. Expression
was induced at an OD600 of 0.6–0.8 by adding 2 mM IPTG. TatCd was
expressed as a C-terminal His6-tag fusion protein. Electrophoresis was
performed using 16% Tris-Tricine polyacrylamide gels [19].
2.3. Cell breakage
After expression, cells were harvested by centrifugation, and the
resulting cell pellet was resuspended in binding buffer (for buffer
composition, see Section 2.4). The cells were broken with a soniﬁer
(BANDELIN Sonopuls, Bandelin Electronic, Berlin, Germany). Benza-
mindine, Pefabloc SC and phenylmethylsulfonylﬂuoride (all from
Sigma-Aldrich) were added as protease inhibitors. Benzonase
(Sigma-Aldrich) was added for the degradation of RNA and DNA.
The cell debris was pelleted by centrifugation at 4 °C. To obtain the
cell membranes, ultracentrifugation was performed for 1 h at 4 °C
using a 50Ti rotor (Beckman Coulter, USA). Cell membranes and cell
debris fractions were resuspended in binding buffer (cf. Section 2.4)
with 2% NLS or 5% DPC (mild isolation). Fractions containing NLS
were incubated several hours at 8 °C, fractions with DPC were
shaken for 12–16 h at 8 °C. All fractions were stored before the
puriﬁcation step at -20 °C.
2.4. Protein puriﬁcation
The protein was puriﬁed on a Ni-column using the ÄKTApuriﬁer™
system (GE Healthcare). The Ni-afﬁnity chromatography binding
buffer consists of 0.5 M NaCl, 0.04 M imidazole, and 0.02 M Na-
phosphate, pH 7.4; while the elution buffer consists of 0.5 M NaCl,
0.5 M imidazole, and 0.02 M Na-phosphate, pH 7.4. All buffers
contained either 0.2% (w/v) NLS or 0.2% (w/v) DPC. The eluted fractions
of TatCd containing NLS were dialysed against water, and the protein
was pelleted by centrifugation. The TatCd fractions with DPC were
puriﬁed from imidazole by dilution and concentration in Amicon Ultra-15 centrifuge tubes (Millipore, Billerica, USA). Themolecularmass of the
puriﬁed TatCd was checked on a Bruker autoﬂex III smartbeam vertical
MALDI-TOF mass spectrometer (Bruker Daltonics Inc., Billerica, USA).
2.5. Reconstitution into phospholipid bilayers and in detergent micelles
Puriﬁed TatCd diluted in 10mMNa-phosphate buffer (pH 7.0) with
2% (w/v) NLS or 5% (w/v) DPC was mixed with a dried lipid pellet
(DMPG:DMPC at 70:30 mol/mol, or POPG:POPC at 70:30 mol/mol) at
a molar protein-to-lipid ratio of approximately 1:100.
The lipids were co-solubilized and the detergent was subsequently
removed using Biobeads™. The Biobeads™ had been pre-washed
several times with methanol and water, and equilibrated either in
10 mM Na-phosphate buffer to prepare CD samples, or in pure water
to prepare OCD samples. In either case, the protein–lipid–detergent
mixed micelles were incubated for several minutes at 33 °C. Next, a
spoonful of Biobeads™ was added to the solution, and the mixture
was stirred at 33 °C for 1 h. This step was repeated twice. The solution
was ﬁnally separated from the Biobeads™ by ﬁltration through glass
wool. Reconstitution of TatCd into detergent micelles (other than the
original NLS) was performed in a similar way. Puriﬁed TatCd diluted in
10 mM Na-phosphate buffer (pH 7.0) with 2% (w/v) NLS was mixed
with 5–10%(w/v) solution of the new detergent and incubated with
prepared Biobeads™ at 33 °C for 1 h. Thereupon another aliquot of the
detergent was added to the mixture and the incubation with another
portion of Biobeads™ has been repeated.
2.6. CD spectroscopy
CD spectra of TatCd in vesicle suspensions and aqueous micellar
solutions (Section 2.5) were recorded with a J-810 spectropolarimeter
(JASCO, Groβ-Umstadt, Germany) in quartz glass cuvettes of 1-mm
optical path length (Suprasil, Hellma Optik GmbH, Jena, Germany)
between 260 and 185 nm at 0.1-nm intervals. Three repeat scans at a
scan rate of 10 nmmin−1, 8-s response time and 1-nmbandwidthwere
averaged for each sample and its respective baseline of the protein-free
sample. Spectrawere recorded at 20 °C for themicelle solutions, and at
20 °C or 30 °C for the vesicle suspensions (i.e. above the respective
phase transition temperature of the lipids contained in the vesicle
suspensions), using a water-thermostated rectangular cell holder.
For calculating the mean residue ellipticities used for secondary
structure estimation, the concentration of the TatCd solutions was
determined based on the UV absorbance of the protein at 280 nm
under denaturing conditions according to the method described by
Edelhoch [20]. The corresponding protein solution was dissolved in
denaturating buffer (6 M guanidine hydrochloride; 0.02 M phosphate
buffer of pH 6.5). The absorption spectrumwas recorded in the range
of 340–240 nm using a quartz glass micro-cuvettewith 10-mm optical
path length. The blank solution for the UV absorbance measurement
was the corresponding detergent solution or lipid vesicle suspension
in phosphate buffer without protein in denaturating buffer. The
measured baselines of the protein UV spectra between 340 and
310 nmwere slightly increasing toward lower wavelengths indicating
a small scattering contribution due to the presence of micelles or
vesicles, respectively. For baseline scattering correction of such
spectra we used the method described in Section 6.2.1 in [14]. Brieﬂy,
a plot is made of log absorbance against log wavelength, and the
baseline obtained in the non-absorbing region, i.e. from 340 nm to
310 nm is extrapolated toward lower wavelengths to determine the
scattering contribution at these wavelengths. Afterward the de-
logarithmized baseline is subtracted from the measured spectrum to
obtain the non-linearly scattering-corrected UV spectrum. The
concentration of TatCd was determined from the scattering-corrected
absorbance at 280 nm using a molar extinction coefﬁcient of 28,590 l
mol−1 cm−1 which was calculated as described by Gill and von Hippel
[21] (TatCd comprises 3 Trp, 9 Tyr residues).
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TINLL [22,23] and CDSSTR [24] algorithms provided by the
DICHROWEB server [25,26]. The quality of the ﬁt between
experimental and back-calculated spectrum corresponding to the
derived secondary structure element fractions was assessed from
the normalized root mean square deviation, with a value b0.1
considered as a good ﬁt [25].
2.7. OCD spectroscopy
For OCD spectroscopy, proteins were reconstituted into macro-
scopically aligned phospholipid bilayers and subsequently hydrated in
an OCD cell. The OCD cell developed and built in-house is computer-
controlled and can be integrated in the J-810 spectropolarimeter as an
accessory. It has been described in detail in [27] and is based on
the experimental set-ups given in [28-30]. Samples were deposited
on one of two circular quartz glass plates with 20-mm diameter
(Suprasil QS, Hellma Optik GmbH, Jena, Germany), which served as
UV transparent windows in the OCD cell. Before use, the quartz glass
windows were cleaned in concentrated nitric acid and rinsed
thoroughly and repeatedly with distilled water and ﬁnally with
ethanol. Afterward, the windows were dried in an oven at 60 °C. For
OCD sample preparation a procedure similar to the one described in
[31] was used. A 50–100 μl aliquot of the corresponding protein–lipid
small unilamellar vesicle suspension (cf. Section 2.5) was deposited
on the quartz glass windowwith a pipette, and the water was allowed
to evaporate in a gentle stream of N2 until the sample appeared dry.
Afterward, the windowwith the dried sample was assembled into the
OCD cell and re-hydrated for about 15 h at 30 °C and 97% relative
humidity using a saturated K2SO4 solution (see below). During
hydration the lipid spontaneously aligns as multi-layers parallel to
the plate surface. The overall peptide amount deposited on the
quartz glass window was minimized as much as possible (b10–15 μg
usually are sufﬁcient to obtain a reasonable S/N ratio in the OCD
spectra), because we have seen in earlier test experiments with
antimicrobial peptides that higher amounts can lead to absorption
ﬂattening effects and spectral distortions caused by local protein
clustering. Due to the minimized peptide amounts deposited on
the window, UV absorption by the peptide chromophores wasFig. 1. (A) Amino acid sequence and (B) expected topology of TatCd from B. subtilis. The am
proteinwas expressed in E. coli and puriﬁed on a Ni-column. (D) The mass of the puriﬁed Tat
to-charge-ratio).usually b0.4 absorbance units at the absorption maximum around
∼190 nm (data not shown). In [32] it has been shown that spectral
distortions caused by absorption ﬂattening are most signiﬁcant at
large absorbance values N1.5, thus one can assume that these
effects should be mostly negligible in the OCD samples prepared as
described above.
The overall lipid amount deposited on the quartz glass plate was
limited as well to ∼0.2 mg to get “thin” samples with an optical path
length of a fewmicrometers and a circular-shaped spot with ∼12-mm
diameter (this is close to the maximum aperture of the light beam in
the Jasco J-810), which also contributes to minimize absorption
ﬂattening effects as described in [33].
The optical path of the CD spectropolarimeter is parallel to the
cylindrical axis of the cell and normal to the quartz glass window
carrying the oriented sample. The temperature of the cell was
controlled by a thermostat, and a small volume of saturated K2SO4
salt solution (300–500 μl) was ﬁlled into the bottom of the cell to
maintain 97% humidity. The OCD cell was mounted into the sample
compartment of the J-810 spectropolarimeter on a rotation stage with
a computer-controlled stepping motor (SKIDS-60YAW (θz), Sigma
Koki Co. Ltd., Tokyo, Japan). To reduce possible spectral artifacts of the
linear dichroism (LD) due to imperfections in the sample, strain in the
quartz glass windows, or imperfect alignment of the windows [29,30],
the OCD spectra were recorded in steps of 45° by rotation of the cell
[28], as averages of three scans using the same data acquisition
parameters as in the normal CD measurements above. The eight
spectra were subsequently averaged, and background spectra of lipid
bilayers without protein were subtracted. For some OCD samples
spectra were recorded also in steps of 22.5° (averaging 16 spectra
measured at rotation angles of 0°, 22.5°, 45°, 67.5°, 90°, 112.5°, 135°,
etc.) to ﬁgure out whether 45° intervals are sufﬁcient to eliminate
spectral distortions due to LD. For all these samples the averaging of 8
spectra in 45° intervals yielded exactly the same spectra as averaging of
16 spectra in 22.5° intervals (data not shown). This clearly reveals that
by using the sample preparation conditions described above and a
sample geometry with the quartz glass window/OCD sample oriented
perpendicular to the light beam averaging of 8 equidistant rotation
angles is sufﬁcient to avoid spectral distortions caused by LD effects in
the solid sample.ino acids marked in gray are predicted to form six transmembrane helices [6]. (C) The
Cd (28.6 kDa) was conﬁrmed by MALDI-TOF mass spectrometry (horizontal axis—mass-
Table 1
Secondary structure analysis of TatCd in different detergent micelles and lipid vesicles
using the CDSSTR algorithm [24]. Estimation with the CONTINLL [22, 23] algorithm
yields similar secondary structure element fractions.
TatCd in α-Helix β-Strand β-Turn Unordered NRMSD⁎
DMPC:DMPG 0.38 0.20 0.19 0.22 0.013
POPC:POPG 0.45 0.16 0.18 0.21 0.012
SDS 0.67 0.03 0.12 0.19 0.013
DPC 0.36 0.22 0.19 0.22 0.012
LMPC 0.42 0.18 0.18 0.21 0.014
LPPG 0.40 0.16 0.18 0.25 0.010
DDM 0.16 0.27 0.19 0.37 0.024
Anapoe 0.06 0.29 0.19 0.46 0.045
⁎ NRMSD=normalized root mean square deviation [25].
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Amembrane protein incorporated into synthetic lipid bilayers on a
solid support is a very useful model of the natural cell membrane.
The solid-state 31P-NMR experiment was performed on Bruker
Avance II 500MHz spectrometer (Billerica, MA, USA)with a homemade
probe. The preparation of the lipid–protein mixture is described in
Section 2.5. The unlabeled TatCd reconstituted in a water–lipid mixture
(DMPG:DMPC at 70:30 mol/mol) was placed on cover glasses
(7.5×18 mm) and was dried. The glasses were stacked together and
were rehydrated for about 15 h at 45 °C and 97% relative humidity using
a saturated K2SO4 solution. Afterward the stack of the glasses was
wrapped into Paraﬁlm. The sample for 31P-NMR spectroscopy contained
8 mg of lipids and 0.8 mg TatCd in total. The acquired spectrum was
referenced to partially oriented lipid spectra, which had been acquired
before (with the isotropic resonance frequency at 0 ppm).
1H-15N HSQC NMR experiments were performed on a Bruker
Avance II 600 MHz NMR spectrometer at 50 °C equipped with a triple
resonance broadband probe. Uniformly 15N-labeled TatCd was
dissolved at a concentration of 0.17 mM in 10 mM sodium phosphate
buffer at pH 7.0 and with 450 mM SDS-d25 (Cambridge Isotope
Laboratories Inc, Andover, MA, USA).
3. Results
3.1. Expression and puriﬁcation of the TatCd protein
TatCd is a membrane protein of B. subtilis with 242 amino acids,
predicted to form 6 hydrophobic transmembrane helices. The TatCd
fusion protein (249 residues) carries a His-tag at the C-terminus, and
its molecular weight is 28.6 kDa (cf. Fig. 1). The expression in E. coli
(strain M15) was induced by 2 mM IPTG, and TatCd was detected in
Western Blot with monoclonal antibodies against the His-tag (Merck,
Germany). The molecular weight of puriﬁed TatCd has also been
conﬁrmed by MALDI-TOF MS analysis. The expressed TatCd was found
in the cell membrane and cell debris fractions, while none was
detected in the cytoplasm. The key question of the puriﬁcation
procedure is to ﬁnd an adequate detergent that successfully isolates
TatCd from the native membrane and at the same time prevents TatCd
from denaturation. We found that NLS (compared to SDS) provides
the highest protein yield in E. coli and at the same time prevents
signiﬁcant denaturation. The ability of NLS to substitute for the
membrane lipids and thereby to maintain the protein in solution also
depends on the NLS concentration. We used 2% NLS solution in order
to release TatCd from cell fractions. Lower NLS concentrations (0.2 %)
lead to a loss in the yield and in the helicity of the puriﬁed TatCd. TheFig. 2. CD spectra of TatCd in detergent micelles (SDS, DPC, LMPC, LPPG, DDM, Anapoe)
and in lipid vesicles (DMPG:DMPC at 70:30, and POPG: POPC at 70:30).average yield of the pure homogeneous TatCd was about 5 mg TatCd
per 1 l LB. This amount and the quality of the puriﬁed TatCd allowed us
to proceed with the structural studies.
3.2. CD spectroscopy of TatCd
The secondary structure of the puriﬁed TatCd was analyzed by CD
in detergent micelles (SDS, DPC, LMPC, LPPG, DDM, DHPC, Anapoe, β-
OG and β-NG) and in lipid vesicles (DMPG:DMPC, POPG:POPC).
Representative CD lineshapes are shown in Fig. 2. Most of these
spectra are rather similar and show a substantial amount of helicity
(Table 1), as reﬂected by the characteristic CD bands around 193, 209
and 223 nm. The calculated helical content of TatCd depends slightly
on the batch of puriﬁed TatCd and on the conditions of puriﬁcation.
The highest helicity of TatCd was detected after reconstitution into SDS
micelles where more than 60% of the protein assumes a helical
conformation. TatCd in other detergents (DPC, LPPG, and LMPC) and in
lipid vesicles exhibits a reduced helical content of about 40%. The
reconstitution of TatCd in DDM, DHPC, Anapoe C12E9, β-OG and β-NG
was not adequate for reliable CD measurements, because in most
cases the TatCd concentration in detergentmicelles of DHPC, β-OG and
β-NG was extremely low due to insufﬁcient reconstitution. The
spectra of TatCd in DDM or Anapoe C12E9 micelles (Fig. 2) differ
considerably from the other CD spectra. Generally, in these micelles
the CD intensity is strongly reduced, the positive band is shifted to 198
nm and shows strong broadening, while the intensity of the negative
band around 208 nm is diminished compared with the negative band
at 224 nm. Secondary structure estimation of these spectra revealed a
reduced helicity of the TatCd of 15%, and higher amounts of β-strand
and β-turn as well as unordered segments (see Table 1).Fig. 3. (A) 31P-NMR spectrum of lipid bilayer DMPG:DMPC (70:30 mol/mol) with
reconstituted TatCd (1:450 protein-to-lipid molar ratio), which proves the planar
orientation of the lipid bilayer on the glass plate. (B) Powder spectrum of non-oriented
DMPG:DMPC mixture.
Fig. 4. OCD spectra of TatCd measured in oriented lipid bilayers at 30 °C and 97%
relative humidity for different peptide-to-lipid ratios in DMPG:DMPC and POPG:POPC
(70/30 mol/mol); spectra have been normalized to the minimum ellipticity of the
band around 222 nm.
2242 O.V. Nolandt et al. / Biochimica et Biophysica Acta 1788 (2009) 2238–2244The predicted helicity content of TatCd (based on the structure
prediction from the data bank [6]) reaches 50%.We thus conclude that
the TatCd was successfully puriﬁed in a properly folded state which
exhibits the helicity level close to theoretically predicted. Some
detergents (SDS, DPC, LMPC, and LPPG) and both of the chosen lipid
mixtures maintain this conformation of the protein.
3.3. Characterization of TatCd in oriented bilayers by OCD and
31P NMR
spectroscopies
Before performing OCD measurements of TatCd in lipid bilayers,
the degree of orientation of the lipid bilayers on the glass surface was
proven by 31P-NMR spectroscopy. Fig. 3A depicts the spectrum of
oriented lipid molecules in a representative sample of the protein inFig. 5. 1H-15N-HSQC spectrum of 15N-labeled TatCd (170 μM) in 450 mM SDS mDMPG:DMPC (70:30mol/mol) with a protein-to-lipid ratio of ∼1:450.
The measured 31P-spectrum has a well deﬁned peak at about 30 ppm,
which means that the lipid molecules are oriented parallel with
respect to the glass normal i.e. the bilayer has a planar orientation.
This ﬁnding is based on the chemical shift anisotropy demonstrated by
the lipid phosphorus. Random orientational distribution of lipid
molecules gives rise to a powder pattern with an anisotropy width of
about 50 ppm [34,35] and for comparison a spectrum of non-oriented
DMPG:DMPC lipid molecules is also shown in Fig. 3B.
OCD spectroscopy can reveal the alignment of α-helical protein
segments in macroscopically oriented lipid bilayer samples with
respect to the direction of the incident light beam. This method allows
us to distinguish between a transmembrane orientation, tilted helices,
and surface-aligned segments [28,30]. The most informative feature is
the presence or absence of a negative band around 208 nm, being
indicative of a surface or transmembrane helix alignment, respec-
tively. Recently, we have determined the orientation of each structural
segment of the TatAd proteinwith respect to the lipidmembrane using
this technique [12].
The TatCd protein was reconstituted into lipid mixtures of DMPG:
DMPC (70:30 mol/mol) at different protein-to-lipid ratios ranging
from P/L 1:400 up to 1:30 and additionally in POPG:POPC (70:30mol/
mol) at a P/L of 1:400 (Fig. 4). All spectra show characteristic
predominantly helical shapes with the typical band positions, i.e. a
positive band at ∼195 nm and the two negative bands at ∼209 and
222 nm (for a better comparison the spectra have been normalized to
the ellipticity at the corresponding minimum around 222 nm). No
signiﬁcant difference in the orientation of TatCd is seen for the two
lipid systems or for the different peptide-to-lipid ratios as can be
deduced from the rather similar lineshapes at wavelengths N200 nm.
Only for a rather high P/L ratio of 1:30 the lineshape exhibits clearly
decreased ellipticities (especially at shorter wavelengths and at the
positive maximum around 195 nm), which could be an indication that
absorption ﬂattening effects start to distort the OCD signal at these
wavelengths due to increased protein clustering in the bilayers. Theicelles collected on Bruker Avance II 600 MHz NMR spectrometer at 50 °C.
2243O.V. Nolandt et al. / Biochimica et Biophysica Acta 1788 (2009) 2238–2244OCD spectrum of the protein is a superposition of the signals from all
secondary structure elements of TatCd in their respective alignment
(note that non-helical conformations contribute much less intensity
than helical segments). The lineshapes shown in Fig. 4 exhibit an
intense band at 222 nm compared to the band at 209 nm, which is
reduced though not completely to zero. This shape clearly reﬂects a
helical protein with a predominantly transmembrane orientation.
There are two possibilities: either the TatCd helices are slightly tilted
inside the lipid membrane, or the spectrum could be a superposition
of signals from perfectly upright transmembrane helices plus some
surface-bound ones [27]. From the OCD spectrum of the complete
proteinwe cannot distinguish these two variants, but a certain degree
of tilting within a 6-helix bundle would commonly be expected. To
detect the alignment of each individual helix, a multi-construct
approach could be attempted as with TatAd [12], though this bears the
risk of incorrect folding of separate domains.
We can exclude the formation of β-pleated aggregates, which
could easily be identiﬁed by a distinct change in the spectral pattern. A
very broad positive band between 190 and 215 nm and a pronounced
negative band at ∼216 nm should occur, which we found for example
in OCD spectra of the MAP peptide, that aggregated in membrane
environment (cf. Fig. 3A and C in [27]) or for a TatAd fragment, which
showed similar features (cf. Fig. 4C in [12]).
4. Discussion
We managed to express and homogeneously purify TatCd in
amounts suitable for structural studies by CD and future NMR. Using
CD we found suitable conditions to reconstitute TatCd in various
detergent micelles and lipid vesicles. The helicity of the protein was
calculated in these different environments and found to be highest in
SDS. The predicted helicity of TatCd (based on the structure prediction
from the data bank [6]) is signiﬁcantly lower than the measured
protein helicity in SDS micelles. The helicity in DPC, LMPC, and LPPG
micelles and in lipid vesicles, on the other hand, is much closer to the
expected content of up to 50%. It thus seems that the interaction of
TatCd with SDS promoted extra helicity of the protein. As the
sequences of TatCd that are presumably responsible for interaction
with TatAd are located in the loops ﬂanking the ﬁfth domain [11], we
suggest that SDS micelles are less preferable for analyzing the
interaction between these two Tat components.
The OCD analysis shows that TatCd can be properly reconstituted,
and kept stable and well oriented in DMPG:DMPC and POPG:POPC
bilayers. The presence of several putative transmembrane helices in
TatCd has thus been conﬁrmed, which appear to be slightly tilted with
respect to the bilayer normal. The fact that the OCD spectra are almost
independent of the protein-to-lipid ratio supports the proper folding
of this transmembrane protein as a discrete unit.
Some preliminary HSQC NMR experiments have been performed
in order to optimize the sample preparation and thus estimate the
TatCd structure by means of NMR spectroscopy. The best signal
resolution of 15N-labeled TatCd in 2D 1H-15N-HSQC spectra has been
shown for TatCd in SDS or DPC micelles as can be seen in Fig. 5. Only
about 10% of the expected NMR peaks can be seen, yet the sample is
homogeneous and well folded. However, the quality of the spectra is
not sufﬁcient for chemical shift assignment. Nevertheless, we are
conﬁdent that combination of other NMR techniques (solid and
solution NMR, selective isotope labeling of the protein), the usage of a
900-MHz NMR spectrometer and modeling will allow us to clarify the
protein structure.
In this work we have produced milligram amounts of puriﬁed and
stably folded TatCd. Its helical conformation has been characterized in
different model systems, and its transmembrane alignment has been
veriﬁed in lipid bilayers. We found suitable environments for the
folded TatCd, to be studied in the future by solution and solid-state
NMR. We expect that this approach will provide more detailedinformation about the structure and functionality of the Tat translo-
case, especially by combining the TatCd component as a complex with
TatAd from B. subtilis and with the signal peptide from PhoD.Acknowledgments
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